Context. RV Tauri-type variables are pulsating post-AGB stars that evolve rapidly through the instability strip after leaving the Asymptotic Giant Branch. Their light variability is dominated by radial pulsations. Members of the RVb subclass show an additional variability in form of a long-term modulation of the mean brightness, for which the most popular theories all assume binarity and some kind of circumstellar dust. Here we address if the amplitude modulations are consistent with the dust obscuration model. Aims. We measure and interpret the overall changes of the mean amplitude of the pulsations along the RVb variability. Methods. We compiled long-term photometric data for RVb-type stars, including visual observations of the American Association of Variable Star Observers, ground-based CCD photometry from the OGLE and ASAS projects and ultra-precise space photometry of one star, DF Cygni, from the Kepler space telescope. After converting all the observations to flux units, we measure the cycle-to-cycle variations of the pulsation amplitude and correlate them to the actual mean fluxes. Results. We find a surprisingly uniform correlation between the pulsation amplitude and the mean flux: they scale linearly with each other for a wide range of fluxes and amplitudes. It means that the pulsation amplitude actually remains constant when measured relative to the system flux level. The apparent amplitude decrease in the faint states has long been noted in the literature but it was always claimed to be difficult to explain with the actual models of the RVb phenomenon. Here we show that when fluxes are used instead of magnitudes, the amplitude attenuation is naturally explained by periodic obscuration from a large opaque screen, one most likely corresponding to a circumbinary dusty disk that surrounds the whole system.
Introduction
The RV Tauri variables constitute a small group of pulsating stars with some dozen known members in the Milky Way and a similar number of variables in the Magellanic Clouds. They are F, G and K-type supergiants that form the high-luminosity extension of Population II Cepheids in the classical instability strip (Wallerstein 2002) . The rarity of RV Tau-type variables can be explained by their evolutionary state given that these objects are post-AGB stars rapidly evolving in the Hertzprung-Russell diagram blueward from the Asymptotic Giant Branch (AGB) on the timescales of 10 3 -10 4 yrs (Blöcker 1995) . During this evolution, post-AGB stars cross the instability strip, where they become pulsationally unstable (Fokin 1994 , Fokin et al. 2001 , Aikawa 2010 . The most regular, though far from being Cepheid-like, high-amplitude light curves belong to the RV Tauri stars, which are located in cooler part of the post-AGB instability strip, between 5000 K and 6000 K (Kiss et al. 2007 , Bódi et al. 2016 .
The most distinct feature of the RV Tau-type variables is the presence of alternating minima of the pulsations (meaning that every second light curve minimum is shallower), with typical (double) periods from 30 days to 90 days. The periodicity is not strict, as the cycle-to-cycle variations can be quite significant, and in some cases, it has been shown to originate from lowdimensional chaos (e.g. Buchler et al. 1996) . In addition to the pulsations, some RV Tau stars show long-term modulation of the mean brightness, with periods of 700-2500 days. The absence or presence of the slow modulation is the basis for classifying the stars into the RVa and RVb photometric subclasses, respectively.
The RVb phenomenon has been connected to the fact that these stars are typically redder than the RVa-type variables and the role of circumstellar dust shells was presumed (Lloyd Evans 1985) . More recent studies interpret the RVb phenomenon with periodic obscuration events in binary systems (Fokin 1994 , Pollard et al. 1996 , Van Winckel et al. 1999 , Fokin et al. 2001 , Maas et al. 2002 , Gezer et al. 2015 . In that picture all RVb stars are binaries, surrounded by a large opaque screen, relative to which the pulsating component changes its position during the orbit. The presence of a dusty disk is indeed seen in the infrared part of the Spectral Energy Distribution (see Gezer et al. 2015 for the latest analysis that used WISE data and references therein). In addition to the disk, it has also been speculated that interactions of the components may lead to changes in the pulsation amplitude (Pollard et al. 1996 , Maas et al. 2002 , Pollard et al. 2006 , which could further complicate the models of these stars.
The fact that the pulsations in the light curve appear to visually decrease in amplitude in the faint states of some RVb variables has been regularly noted in the literature. Fokin (1994) compiled data for a dozen stars and noted that all showed systematically lower primary light amplitudes in the minimum of the secondary variation. Pollard et al. (1996) discussed in de-A&A proofs: manuscript no. main_rev tails the well-expressed pulsation amplitude decrease in the faint states of U Mon and AI Sco (i.e. around the RVb-type minima), which they assumed to be caused by some sort of dynamical interaction between the pulsating and the companion stars, which affects both the pulsations and the mass-loss processes. Pollard et al. (1996) explicitly argued that pure obscuration by dust should not decrease the amplitude of the pulsations. This line of argumentation was later adopted by Van Winckel et al. (1999) and Maas et al. (2002) , who claimed that the detected amplitude change is difficult to account for in a simple geometric picture. Later, Pollard et al. (2006) reiterated the main conclusion that enhanced mass-loss or binary interaction would be needed around the periastron of U Mon to explain the apparent amplitude damping. Most recently, Percy (2015) investigated the amplitude variability of 42 RV Tau variables and found that the pulsation amplitude can change by factors of up to 10, on median time-scales of about 22 pulsation periods. He concluded that the cause of the pulsation amplitude variations remains unknown.
Despite the efforts in the past decades, high-quality photometry of RV Tau-type stars is still very rare. In the original Kepler field, there is only one star, DF Cygni, a moderately bright RVbtype variable, for which independent analyses were recently published by Bódi et al. (2016) and Vega et al. (2017) . Both studies pointed out that DF Cygni shows very rich behaviour on all timescales. While Bódi et al. (2016) put their emphasis on detecting evidence of strong non-linear effects that are directly observable in the Kepler light curve, Vega et al. (2017) used Kepler data to argue for binarity as the main cause of long-period variability in DF Cyg. The latter authors also noted that when the light curve is measured in fluxes, the reduction of the pulsation amplitude in the faint state of DF Cyg is exactly the same ∼90% than the overall fading by 90% during the RVb minimum. The exact correspondence of the two can be naturally explained by 90% obscuration of the pulsating stellar disk by a very large opaque screen during every orbit, so that the local changes around the mean (i.e. the short-period pulsations) are in fact constant when considered relative to the mean brightness of the system. This idea is the very inspiration of the present paper. We believe the earlier studies overlooked a very simple and yet important point by sticking to the inverse logarithmic magnitude system in the variable star analyses, rather than using the physically meaningful flux units, which scale linearly with the photon counts. As we will demonstrate for the best observed RVb-type variables, a very convincing and ubiquitous correlation exists between the flux amplitudes and the mean flux levels for all RVb stars, which indicates that dust obscuration, most likely by circumbinary disks, can indeed be the universal explanation for the RVb phenomenon.
Data and methods
Given the rarity of the RV Tau-type stars, there are not many variables with extensive observations. We have surveyed the The International Variable Star Index (VSX database 1 ) and the literature for well observed and characterized targets. We ended up with three major sources of RVb photomeric data. First, we checked the database of visual observations of the American Association of Variable Star Observers (The AAVSO International Database). In total, we found eight stars with several cycles of the RVb variability and duty cycle in excess of 75%, which was found to be necessary to measure the amplitudes of individual 1 http://www.aavso.org/vsx/ Table 1. The studied sample of RVb stars. T obs and N obs are the timespan and the total number of observations. P pul and P mod refer to the periods of pulsation and RVb-type modulation, respectively, as measured from the analysed data. The OGLE variable names were shortened by omitting "OGLE-" in front of the shown identifiers. (Soszynski et al. 2008) , Small Magellanic Cloud (Soszynski et al. 2010 ) and the Galactic Bulge (Soszynski et al. 2011 (Soszynski et al. , 2013 ). Here we found useful I-band data for six stars in the Bulge and one star in the LMC, all catalogized as 'RVb' variables by the OGLE team. The final sample contains 19 datasets for 15 RVb stars, which is -to our knowledge -the most extensive collection of this kind in the literature. In Table 1 we list the main characteristics of the data: the total time-span of the individual light curves, the number of measurements per star and two period values: one for the pulsations and one for the RVb modulation. The listed values were measured with standard Fourier analysis, using Period04 of Lenz & Breger (2005) . Because of the alternating minima, the highest peak in the Fourier spectra always corresponded to the half-period of the RV Tau cycle, hence we doubled the adopted period of pulsations. The only exception is IW Car, whose light curve does not show any alternation in the minima, hence we adopted the single cycle period for its pulsations. The typical uncertainties in the quoted values are in the order of the last digit shown in Table 1 . Note that in principle, the pulsation period could be determined to more decimals, however, the seemingly irregular variations in the period/phase (Bódi et al. 2016 ) would pose strong limitations to all future phase predictions. Our measured values are all in good agreement with previous period determinations in the literature (e.g. Pollard et al. 1996 , Kiss et al. 2007 , Percy et al. 2015 .
The visual data have first been binned to average out the errors of the individual observations (typically ±0.2-0.3 mag per point). Because of the short pulsation periods, the bin sizes were selected between 3 days and 5 days, depending the pulsation period. This way we avoided strong phase smearing due to the binning, that could have led to undersampled light curves of pulsations. The CCD observations were only checked for outliers, identified by visual inspection of the data. Both ASAS and OGLE have daily cadence and no binning was applied to those data. Following the idea outlined by Vega et al. (2017) , we converted every light curve to flux units with the conversion formula f = 10 −0.4×(magn.−25) , adapting 25.0 as the arbitrary zeropoint. To demonstrate the overall continuity and typical duty cycle of the data, in Fig. 1 we show a gallery of the full sample in normalized flux units (unit flux corresponds to the global maximum brightness for each star). While we plotted the entire ASAS, Kepler and OGLE light curves, the AAVSO data are only shown partially, in 10,000-days long subsets. For the overwhelming majority of stars the amplitude variability of the short-period pulsations is very much apparent, with the highest amplitudes always appearing in the bright phases of the RVb variability. Exceptions are IW Car, AR Pup (in the ASAS data) and OGLE-BLG-T2CEP-215, which seem to have more stable pulsations with RVb modulations in the same range as the pulsation amplitudes.
We proceeded in the analysis by measuring the local amplitudes of each pulsation cycle. For this, each dataset was split into subsets that covered exactly one pulsation cycle (two consecutive maxima and minima of the alternating depths) and then we fitted the following function to each of the subsets:
where t and t 0 are time and the first time epoch of the subset, respectively, f 0 , k, A n and ϕ n (n = 1, 2) are the fitted parameters (for IW Car, n = 1 was used). The zero-point and the linear term were introduced to include the local variation of the slow RVb modulation, while the two-component Fourier-polynomial is the approximation of the light curve shape of the pulsations. The latter is admittedly a simplified description of the light curve, however, here we are more interested in the global average changes of the pulsation amplitudes than in the perfect fits of the individual cycles. We have also experimented with higher-order polynomials, but none of the results changed significantly, hence we restricted the analysis to the simplest form. An illustration of the fitting procedure is shown in Fig. 2 , where the red curve shows the individual fits of Eq. 1 throughout a whole ascending branch of the RVb cycle. The blue line separately indicates the linear term. The main conclusion here is that the two-component harmonic fit describes the observations very well. After fitting Eq. 1 to a given subset, we subtracted the linear term and computed the two extrema of the residual polynomial (except for the Kepler data of DF Cyg, where the extrema were determined from the residual of the observational points). Their difference was taken as the full pulsation amplitude in the given subset, while the median of the subset was chosen to represent the average flux of the star. The relationship that was found between these amplitudes and mean fluxes and its properties represent the main results of this paper.
Results
We treated the four types of data (visual, OGLE I-band, ASAS V-band, Kepler) separately, partly because of the wavelength dependence of the pulsation amplitudes (Pollard et al. 1996) , partly to avoid misleading effects from mixing heterogeneous data.
First we show the raw correlations between the mean fluxes and the corresponding full amplitudes in the upper panels of Figs. 3-6. For the sake of comparing bright and faint stars in Figs. 4-6, we set doubly logarithmic scaling of the axes. To guide the eye, we have also drawn the lines of equality in these plots. While Kepler and visual data lie close to the equality, the OGLE and ASAS points all form parallel sequences falling below the diagonal lines, meaning that the correlations are close to linear but the mean slopes are less than one. The formal Pearson's r correlation coefficients are greater than 0.8 for most of the stars except those three already mentioned in relation to The well expressed linear correlation between the amplitudes a λ and mean fluxes f λ for all types of the observations led us to fit the data in the upper panels of Figs. 3-6 with the simplest a λ = α f λ + β (λ=visual, V and I) linear term. What we found is that the α slope parameters for almost all stars agreed within the error bars for each λ. Namely, the visual observations show a slope parameter around unity (e.g. AI Sco: 0.95±0.10; RV Tau: 0.89±0.08; SU Gem: 1.21±0.14; U Mon: 0.93±0.06), the OGLE I-band observations around 0.6 (e.g. BLG-177: 0.59±0.06; BLG-215: 0.68±0.09; LMC-200: 0.60±0.04), while the ASAS V-band data resulted in a meaningful correlation for SX Cen only, with a slope of 0.62±0.08. The Kepler data of DF Cygni show very similar linear amplitude vs. flux scaling throughout the whole RVb cycle than what the visual data imply. As we will demonstrate later, the wavelength dependence of the slope parameter follows that of the intrinsic pulsation amplitude (i.e. the smaller I-band slope parameter is a direct consequence of the pulsation amplitude being smaller in I than in V).
In the next step we determined the relative flux change and the relative pulsation amplitude change as follows. For the fluxes, we defined their relative change as ( f relative amplitude changes, we had to take into account the intrinsic cycle-to-cycle variability of the RV Tau light curve shapes (well documented for RVa-type stars, e.g. R Sct - Buchler et al. 1996 , AC Her -Kolláth et al. 1998 . Because of that, it would have been misleading to take the single amplitude value that corresponds to the brightest flux point as the maximum amplitude; instead of that we fitted a line to the amplitude vs. flux plot and then took the fit's value for the largest flux as the hypothetic mean maximum amplitude a max λ (see the upper panel of Fig. 3 for a visualisation of these two parameters). Then the relative change of the amplitude was defined similarly to that of the flux, The results are shown in the lower panels of Figs. 3, 4, 5 and 6 for the Kepler, AAVSO, OGLE and ASAS data, respectively. Here (0,0) corresponds to the brightest state with the largest amplitude. Note that the reason why generally there is no point in the origin is twofold: (i) the bins are centered on their midpoints and (ii) the definition of the maximum amplitude implies individual points in the bright states to scatter around the origin. Two major conclusions can be drawn from these plots. First, within the error bars, the relative amplitude changes scale perfectly with the relative flux changes, which means that the pulsation amplitude, in fact, remains constant throughout the RVb cycle when compared to the overall system flux. The diagonal A&A proofs: manuscript no. main_rev lines in the panels are not fits but indicate the lines of equality. All but a few RVb stars show the same proportionality than the one found for DF Cygni by Vega et al. (2017) and this scaling is valid not only for the extrema (what actually was noticed by those authors) but it holds throughout the whole RVb cycle. Second, the scatter in the plots is rather dominated by the stars than by the observational uncertainties. This is illustrated by the Kepler plots in Fig. 3 , where the individual points in the upper panel have practically no measurement errors. It is the RV Tau-type pulsation that changes seemingly irregularly (presumably due to strong non-linear effects, Bódi et al. 2016) in the same range than the apparent scatter around the diagonal lines in Figs. 3-6. What these mean is that the simplest explanation shall invoke a mechanism that equally affects the mean brightness and the apparent amplitude.
Discussion
Our results show a general pattern for the overwhelming majority of the sample, that is a linear correlation between the mean brightness and the pulsation amplitude, when everything measured in flux units. The one-to-one correspondence of the relative changes, depicted in the lower panels of Figs. 3-6, is actually rephrasing the linear correlation differently, which can be understood as follows. Let us consider the equality of the relative changes of the pulsation amplitudes and the mean fluxes
as an approximation of the following differential equation
This can be easily integrated as log a λ = log f λ + c λ ,
A&A proofs: manuscript no. main_rev a large opaque screen, presumably corresponding to a circumbinary dust disk, provides the required mechanism. 4. We conclude that the light variations of RVb-type stars can be fully explained phenomenologically by the combination of time-dependent non-linear pulsations and the dust obscuration model of the RVb phenomenon.
